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Abstract 9 
This study evaluated the influence of dissolved organic matter (DOM) properties on the speciation 10 
of Pb, Zn and Cd. Six DOM samples were categorized into autochthonous and allochthonous 11 
source based on their absorbance and fluorescence properties. The concentration of free metal ions 12 
(CM2+) measured by titration using Absence of Gradient and Nernstian Equilibrium Stripping 13 
(AGNES) was compared with that predicted by Windermere Humic Aqueous Model (WHAM). 14 
At the same binding condition (pH, dissolved organic carbon, ionic strength, and total metal 15 
concentration) the allochthonous DOM showed a higher level of Pb binding than the 16 
autochthonous DOM (84- to 504-fold CPb2+ variation). This dependency, however, was less 17 
pronounced for Zn (12- to 74-fold CZn2+ variation) and least for Cd (2- to 14-fold CCd2+ variation). 18 
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The WHAM performance was affected by source variation through the active DOM fraction (F). 19 
The commonly used F = 1.3 provided reliable CPb2+ for allochthonous DOMs and acceptable CCd2+ 20 
for all DOM, but significantly underpredicted CPb2+ and CZn2+ for autochthonous DOM. Adjusting 21 
F improved CM2+ predictions, but the optimum F values were metal-specific (e.g., 0.03 – 1.9 for 22 
Pb), as showed by linear correlations with specific optical indexes. The results indicate a potential 23 
to improve WHAM by incorporating rapid measurement of DOM optical properties for site-24 
specific F.  25 
 26 
Introduction 27 
Dissolved organic matter (DOM) is ubiquitous in natural waters and plays an essential role in 28 
regulating metal speciation and toxicity. In most cases, the free metal ion is the most toxic species, 29 
and its binding to DOM can alleviate metal toxicity.1–4 The binding reaction is affected by water 30 
chemistry (i.e., competitive ions, pH, ionic strength, and mineral oxides) and DOM properties.5 31 
The water chemistry is relatively easy to characterize or define. The description of DOM 32 
properties, however, is challenged by the heterogeneity regarding composition, structures, and 33 
molecular weight6,7 of DOM and their effects on metal binding.8–11  34 
The Windermere Humic Aqueous Model (WHAM) is used to predict the concentration of free 35 
metal ions (e.g., CM2+ for divalent metal ion) for toxicity assessments by Biotic Ligand Model 36 
(BLM).12–14 WHAM assumes the stability constants are independent of DOM heterogeneities,15,16 37 
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but the binding site capacity varies between DOM samples. WHAM calculates the binding site 38 
capacity based on the concentration of dissolved organic carbon (CDOC) and the active fraction of 39 
DOM participating in metal binding (F; F = CADOM / CDOC, where CADOM is the concentration of 40 
active DOM for metal binding).17 Unlike CADOM, the CDOC can be experimentally determined. A 41 
reliable metal toxicity assessment by BLM, therefore, partially relies on the use of adequate CADOM 42 
and F value in WHAM. For Cu, Bryan and coworkers18 determined the geometric mean of different 43 
F values for 15 UK surface waters was 1.3. Since then, F = 1.3 has been widely used by WHAM 44 
users, even though the DOM properties may vary with sources and the metals of interest may not 45 
be Cu.13,14,17,19,20 In fact, numerous studies12,19,21–24 have shown that the level of Cu-binding 46 
increased with increasing allochthonous characteristics (i.e., increasing aromaticity, humic-like 47 
component, and optical color), suggesting the necessity of adjusting F to improve CCu2+ predictions 48 
for specific DOM samples. Some studies12,25,26 have found that the optimal F (Fopt) values 49 
correlated linearly with DOM property surrogates based on absorbance and fluorescence for Cu 50 
(e.g., aromaticity12,25or abundance of fluorescent humic-like components26). To derive these 51 
correlations, studies carefully designed to measure and compare CM2+ between different DOM are 52 
indispensable.  53 
However, the evaluation of DOM properties on the binding of toxic metals, including Pb,24,27–30 54 
Zn,31,32 and Cd,3,8,24are limited. Town et al.16 extensively reviewed the variation of Pb-binding 55 
affinity between different isolated humic substances and biota-derived materials, implying the 56 
property effects of organic matter on Pb-binding. More recent studies have found the 57 
hydrophobicity33 and the abundance of fluorescent humic-like components34 were significantly 58 
influencing Pb-binding. Nonetheless, all the studies mentioned above were limited to isolated 59 
humic substances,16,35 biota-derived materials,16 leachates of sewage34 or organic matter from 60 
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wastewater effluents.33 Whether these organic matters can represent the natural DOM, however, 61 
remains unclear.16 Only few studies compared the level of Zn-binding between different natural 62 
DOM and inconsistent results were reported, likely due to different methods to characterize and 63 
differentiate DOM samples, different extents of DOM property variation, and different binding 64 
conditions. For example, Cheng and Allen15 found a similar level of Zn-binding between three 65 
surface water DOM samples with different geographic locations, dissolved organic and inorganic 66 
carbon concentrations. Contrarily, Muller et al26 determined the absorbance and fluorescence 67 
characteristics of eleven Canadian lake DOM samples and found the level of Zn-binding 68 
significantly decreased with increasing allochthonous feature. Cheng et al.36 also reported a 69 
varying degree of Zn-binding between five freshwater DOM, but the observed variation was 70 
possibly not due to the variation of DOM properties alone because of different binding conditions 71 
(i.e., varying DOC, pH, and hardness). On the other hand, the evaluation of DOM property effects 72 
on Cd binding are relatively more limited. Xue and Sigg37,38 concluded the variation of Cd-binding 73 
between three lakes was linked to the variation of biological primary productivity; no specific 74 
DOM or water chemistry characterization, however, was performed. Mueller et al.26 attributed the 75 
variation of Cd-binding between 11 lake DOM to the varying abundances of fluorescent humic-76 
like components. However, in their study, the effects of DOM properties on Cd-binding were not 77 
explicitly isolated from the impacts of water chemistry, including DOC, pH, and hardness.39 78 
Another challenge is the method used to estimate CM2+, including Anodic stripping voltammetry 79 
(ASV)15,36,38 and competitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-80 
AdCSV).37 ASV not only measures M2+ but also other labile metal species,40 whereas CLE-81 
AdCSV requires complicated equilibrium and kinetic consideration,40,41 which makes the 82 
comparison with the WHAM-predicted CM2+ less straight forward.  83 
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In this study, we experimentally determined and compared the metal speciation (i.e., Pb, Zn, and 84 
Cd) between six different DOM from surface waters. The DOM properties were characterized by 85 
four techniques, including the fluorescence excitation-emission matrix (FEEM), absorbance, 86 
potentiometric titrations, and Cr-reducible-sulfide (CRS). The FEEM allows us to rapidly obtain 87 
the optical spectroscopic DOM components for sample differentiations.42 The absorbance provides 88 
a convenient way to estimate the aromaticity43 and molecular sizes44 of DOM, important 89 
physicochemical factors affecting metal binding.11,12 The potentiometric titrations determine the 90 
abundances of DOM functional groups.45,46 The CRS method was used to determine the 91 
concentration of reduced sulfides,47,48 thought to be representative of strong metal binding sites.49 92 
These techniques, particularly the FEEM and absorbance, are accessible, rapid, and well-93 
accepted.42 More importantly, the property data measured by these techniques are relatively simple 94 
to process, and therefore, can be potentially integrated into the WHAM model. Metal titrations, 95 
rather than one-point speciation,26 were performed to determine the metal binding to various 96 
ligands on DOM molecules (e.g., from weak to strong ligand: carboxylic, phenolic, reduced sulfur 97 
or other multidentate)16,49,50 under fixed DOC concentration, pH and ionic strength. Absence of 98 
Gradient and Nernstian Equilibrium Stripping (AGNES) was employed to measure the CM2+ (i.e. 99 
CPb2+, CZn2+, and CCd2+),35,51,52 which allows us to make direct comparisons with the WHAM-100 
predicted CM2+ and determine Fopt.  101 
Specifically, this study aimed to 1) evaluate the effect of DOM properties on  Pb-, Cd-, and Zn- 102 
binding ; 2) investigate the reliability of using F = 1.3 to predict CM2+ for site-specific DOMs and 103 
metals other than Cu; 3) derive potential correlations between the Fopt and measurable DOM 104 
properties. The results of this study will show a potential of integrating DOM property parameters 105 
into WHAM for predicting CM2+ where organic matter quality varies significantly. 106 
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Materials and methods 107 
Collection of different DOM samples 108 
Natural DOM samples were collected from five different sites, including Desjardin Canal (DC; 109 
N 43°15'59.2308"N, W 079°56'33.8280"), Burlington Bay (BBL; N 43°18'03.3984", W 110 
079°50'42.3528"), Amazon River (AMR; S 3°5’41.5”, W 60°21’19.6”), Bannister Lake (BL; N 111 
43030'N, W 80038'), and Luther Marsh (LM; N 43039', W 80026'). At each site, the raw water 112 
sample was first filtered through a 1 µm pore-size filter, and then concentrated by reverse osmosis 113 
(RO).53 The RO technique has been shown to preserve DOM integrity.54 The RO-DOM 114 
concentrates were immediately transported back to the lab where they were treated by cation 115 
exchange resins (AG50W-X8, H+ form, BioRad, Richmond, CA, USA) to remove background 116 
metal ions.24 Briefly the resins were activated by 4 mol L-1 HCl, followed thoroughly rinsing with 117 
milli-Q water (MQW; resistance ≥ 18 MΩ cm-1 and CDOC < 3 ppb; Millipore) before usage. To 118 
prevent humic acid precipitation, the final pH of DOM samples after resination was adjusted to 119 
2−3. All RO-DOM concentrates were stored at 40 C in darkness until use. Because of the addition 120 
of hydrochloric acid during resination, the concentration of chloride ion (CCl-) in RO-DOM 121 
concentrates were determined by the chloride ion selective electrode (Mantech, PCE80-Cl-1001) 122 
to assess the concentrations of metal-chloride species.  123 
The Suwannee River Humic Acid (SRHA) standard was also used to represent allochthonous 124 
DOM. The SRHA (i.e. 1S101H) was purchased from International Humic Substance Society and 125 
used without pretreatment. 126 
Characterization of DOM properties 127 
The FEEM and absorbance were measured at 10 mg L-1 DOC at pH 8.0 (Supplementary 128 
information (SI), page S1). The FEEMs were operationally delimitated into three fluorescence 129 
regions that represent different DOM components55: protein-like component at Ex250-130 
published in Environmental Science and Technology 52 (2018) 4163−4172 reprints also to galceran@quimica.udl.cat
300/Em300-400 (C1), terrestrially-derived humic-like component at Ex250-300/Em400-600 (C2), 131 
and humic-like component at Ex300-500/Em400-600 (C3). The ‘-like’ term means the 132 
fluorescence properties of these components resemble that of pure humic, fulvic, and protein 133 
materials. The relative abundances of each component (C1%−C3%) were estimated by integrating 134 
the volume under the respective fluorescent peaks (SI, page S2).  135 
Different component or source indices were used: the abundance ratio of humic-like to protein-136 
like component (Hum/Pro = (C2% + C3%) / C1%), fluorescence index (FI = fluorescence 137 
intensityEX370nm/ Em450nm/fluorescence intensityEx370nm/ Em500nm),56 and autochthonous contribution 138 
index (BIX = fluorescence intensity310nm-excitation and 380nm-emission / fluorescence intensity310nm-excitation 139 
and 430nm-emission).57 The autochthonous feature increases with increasing BIX value.57  140 
Different indicators based on absorbance measurements were used to estimate DOM properties. 141 
The DOM aromaticity was estimated by the specific absorbance coefficient at 254, 340, and 436 142 
nm (i.e. SUVA254 = 2.303×absorbance at 254 nm / CDOC, SAC340 = 2.303×absorbance at 340 nm / 143 
CDOC, and SCOA436 = 2.303×absorbance at 436 nm / CDOC).43,58,59 The SUVA254 and SAC340 values 144 
increase with increasing DOM aromaticity.43,58 The SCOA436 value increases with increasing 145 
yellow-brown colored moieties.58 The molecular weight of DOM was estimated by the ratio of 146 
absorbance at 254 nm to that at 365 nm (Abs254/Abs365),59 and the ratio of spectral slope at 275−295 147 
nm to that at 350−400 nm (SR).44 The Abs254/Abs365 and SR decrease with increasing molecular 148 
weight.44,59 149 
The proton reactivity was determined by potentiometric titration (SI; page S2). The proton 150 
binding affinity spectra (i.e. site capacity (LT-H) vs. site affinity (pKa)) were determined by 151 
optimally fitting the deprotonation data (i.e. pH vs. overall charge density) to a continuous-site 152 
model through a Fully Optimized ContinUous (FOCUS) procedure.45 Based on the affinity 153 
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spectrum, the proton sites were categorized into three groups: acidic site (pKa ≤ 5), intermediate 154 
site (5 < pKa ≤ 8.5), and basic site (pKa > 8.5), representing the deprotonation of carboxylic and 155 
phenolic groups as pH increases.60 The total capacity (LT-H; µmol mg-C-1) was calculated by 156 
integrating the area within their pKa ranges. A Proton Binding Index was calculated (PBI= LT-H at 157 
intermediate site / (LT-H at acid site + LT-H at basic site)/2).58 The PBI index is thought to increase 158 
with increasing potential of DOM to form strong metal complexes.58  159 
A hierarchical clustering analysis was used to group the samples based on similar  absorbance 160 
and fluorescence DOM properties (SI, page S3).21 The accuracy of the clustering was described 161 
by a cophenetic correlation coefficient (i.e. the closer to 1, the more accurate), and the dissimilarity 162 
level between samples was described by an inconsistency coefficient (i.e. the larger, the more 163 
distinct).  164 
Metal titration 165 
Metal titrations were performed with low DOM concentration.16,33 The pH = 8.0 was selected 166 
because it makes the deprotonation of most binding sites within  environmentally relevant pH 167 
range.61 The pH = 8.0 also makes most of the binding sites deprotonated. For all samples, a 100-168 
mL DOM solution containing CDOC = 10 mg L-1 and 0.1 M KNO3 electrolyte was prepared by 169 
appropriate dilution of RO-concentrate with MQW and dissolution of KNO3 salt (Sigma; purity > 170 
99%). The 100-mL DOM solution was then transferred to a 200-mL glass vessel for titration 171 
experiments. The pH of the DOM solution was consistently monitored by a micro-pH electrode 172 
(Manteq, PCE-80-PH1020MIC). The initial pH before adjustment was around 2-3. Under this 173 
acidic condition, the DOM solution was consistently purged with high-purity N2 for 5-10 minutes 174 
to remove all HCO3-/CO32- species. Then the pH was fixed to 8.0 for the entire titration and 175 
AGNES experiment by additions of microliter HNO3 or NaOH (i.e. 0.1, 1, or 5 mol L-1). 176 
Additionally, to prevent CO2 and O2 dissolution, the voltammetric vessel was seal and the 177 
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headspace was filled with high-purity N2. Increasing amounts of metal titrants were added to reach 178 
a total metal concentration (CM,T) ranging from 10-8.5 to 10-4.0 mol L-1 (i.e., 10-0.25 mol L-1 179 
increment; the total accumulative volume of metal titrant < 0.5 ml). The metal titrant solutions 180 
were 0.1−100 ppm Pb, Cd, or Zn, prepared by appropriate dilutions of 1000 ppm AAS standard 181 
solutions (Sigma Aldrich) with 2% double-distilled HNO3. The total accumulative titrant volume 182 
was ≤ 3% of the sample volume and dilution effects were corrected accordingly. The CM,T range 183 
approximately corresponded to a metal:DOM ratio (mg/mg) increasing from 1:10000 to 1:10, 184 
which enabled us to determine metal binding to various ligands with orders of magnitude 185 
differences in binding affinity (i.e. from  strong to weak).61,62 Following each metal addition, the 186 
AGNES procedure was implemented to measure CM2+.  187 
AGNES measurement of CM2+ 188 
The experimental specifications of the AGNES procedures for measuring CM2+ were 189 
summarized in the SI (page S4−S5). The method has been preliminarily tested by measuring the 190 
CPb2+, CCd2+, and CZn2+ in the presence of tryptophan over a pH range from 2.0 to 8.5. Good 191 
agreements of CM2+ were achieved between AGNES measurements and model predictions (Figure 192 
S1), validating the reliability of the method.  193 
WHAM prediction of CM2+ 194 
The CM2+ at each titration point was predicted by WHAM (Version 7.0.4, Centre for Ecology & 195 
Hydrology, Natural Environment Research Council, UK) with inputs of CDOC = 10 mg L-1, pH = 196 
8.0, ionic strength = 0.1 M KNO3, CM,T (10-8.5−10−4.0 mol L-1), and CCl- (i.e., CCl- = 0, 7.4, 5.4, 197 
20.3, 61.7, and 79.6 mmol L-1 for SRHA, LM, ARM, BL, BBL, and DC, respectively). No 198 
background metal was considered because of the resination treatment.24 The original concentration 199 
of CNO3- was assumed to be negligible due to the low CNO3- in Canadian rivers and lakes (i.e., < 200 
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0.06 mmol L-1);63 thus, nitrate concentration was equal to the ionic strength buffer value of 0.1 201 
mol L-1. The actual concentration of SO42- (CSO42-) in DOM samples was not measured. However, 202 
within the CSO42-  range in Canada (i.e. CSO42-  = 0-6 mmol L-1 for natural and contaminated surface 203 
waters64), modeling tests (SI, page S6) showed the impact of SO42- on Pb-, Zn-, and Cd-binding 204 
was negligible (SI, Figure S2-S4). Therefore, the CSO42- was not considered as a WHAM input in 205 
this study. Although the carbon content may vary between samples, all DOMs were assumed to 206 
contain 50% DOC by mass65 and comprised of 100% fulvic acid26 (except the SRHA) to keep 207 
consistency with previous studies 13,18,2613,18,26. The SRHA was set to contain 100% humic acid. 208 
The usual default F value (Fdef=1.3) was first used. The optimal F value (Fopt) was then determined 209 
by iteratively adjusting F until the overall difference in CM2+ between the AGNES measurements 210 
and WHAM predictions was minimized. The overall difference was described by the Root Mean 211 
Squared Error (RMSE) term (Equation (1); n is the total number of metal titration points, and i is 212 
a specific titration point).  The RMSE for Fdef and Fopt is RMSEdef and RMSEopt, respectively. 213 
 214 
                                                                                                                                                   (1)                                           215 
     216 
Results and discussions 217 
DOM properties 218 
The DOM property parameters and indices are summarized in Table S1. Based on the FEEMs 219 
(Figure S5) the abundance of humic-like components (C2%+C3%) varied by a factor of 1.5 220 
between DOM samples (70.3%−94.7%), whereas the protein-like component abundance (C1%) 221 
varied by a factor of 6 (5%−30%). The Hum/Pro varied by a factor of 7.6 (2.36−17.93). These 222 
component-relevant parameters indicate that the variability in the protein-like component is greater 223 
than that of the humic-like component. The FI value varied from 0.85−1.28, within the range 224 
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previously reported for freshwater aquatic DOM spanning from autochthonous to allochthonous 225 
source −2.31 26,54). However, the higher end of FI range in our study was smaller than that of 226 
previous study (i.e., 2.13),54 indicating our DOM samples were relatively more terrestrially-227 
derived.66 The BIX value varied within a range of 0.33−1.22, indicating varying degree of 228 
autochthonous features.57 Although direct comparisons of BIX variation range for freshwaters 229 
were not available, our BIX range was comparable with the BIX range for estuarine waters (i.e. 230 
0.65−0.9557).  Together these fluorescence parameters indicated the DOM samples were within a 231 
gradient ranging from more autochthonous to more allochthonous source, although the distinction 232 
(by fluorescence) is not as large as that from previous studies.54  233 
The SUVA254 and SAC340 varied by a factor of 3.50 (i.e. 4.04−13.97) and 7.29 (i.e. 0.86−6.27), 234 
respectively, indicating the variation of DOM aromaticity.43,46 The SCOA436 varied by a factor of 235 
11.7 (i.e. 0.15−1.75), showing the variation of the colored moieties.67 The SR and Abs254/Abs365 236 
varied by a factor of 3.48 (i.e. 1.89−4.53) and 2.61 (i.e. 3.3−7.66), respectively, showing variation 237 
of molecular weight.59,68 Comparable variation factors have been also reported by previous studies 238 
for DOMs spanning from autochthonous to allochthonous source (i.e., 2−3.16 for 239 
SUVA254,12,26,46,61,69 1.18−11.93 for SAC340,46,54 7.8 for SCOA436,46 3.48 for SR,69 and 2.62 for 240 
Abs254/Abs36559). 241 
The proton binding affinity spectrum was only determined for SRHA, LM, AMR, and BL 242 
because the CDOC of the RO-concentrates from BBL and DC were too low to provide reproducible 243 
titration data (i.e. CDOC ≤ 81 mg L-1) (Figure S6). The total and group-specific (i.e. acidic, 244 
intermediate, and basic) proton-binding site capacity varied between samples. The PBI values 245 
varied from < 0.21 to 1.48. The PBI values for BBL and DS were estimated to be < 0.21 according 246 
to the linear correlation between PBI and SAC340 from a previous study.46  247 
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The highest CRS was 84.25 nmol mg-DOC-1 in DC, whereas the CRS levels in other samples 248 
were < 8 nmol mg-DOC-1. The exceptionally high CRS in DC was possibly due to the presence of 249 
a waste treatment plant nearby. The CRS level in sewage effluent-impact waters (16-22 mg-DOC-250 
1)70 was relatively higher than that in unpolluted freshwaters (i.e. 4-8 nmol mg-total carbon-1).71  251 
Based on the property parameters in Table S1 (i.e. except the PBI values due to the missing data 252 
for BBL and DC), the DOM samples were statistically classified into three groups (i.e. cophenetic 253 
correlation coefficient ≥ 0.99) (Figure1). The first group included SRHA and LM (i.e. 254 
inconsistency coefficient = 0), which represents the allochthonous-dominant DOM based on the 255 
understanding of these sampling sites.23,46 The second group included AMR, BL, and BBL. Within 256 
this group, the BL and BBL were most similar (i.e. inconsistency coefficient = 0), but distinct from 257 
AMR (i.e. inconsistency coefficient = 0.71). The second group represents the autochthonous-258 
dominant DOM. The difference between AMR and the pair of BL and BBL can be explained by 259 
the relatively higher allochthonous signature in AMR. The autochthonous-dominant DOM was 260 
distinct from the allochthonous-dominant DOM (i.e. inconsistency coefficient = 1.03), which is 261 
due to their property contrasts. Briefly speaking, the autochthonous-dominant DOM is relatively 262 
more aliphatic, optically lighter, more proteinaceous and at lower molecular weight, whereas the 263 
allochthonous-dominant DOM is more aromatic, optically darker, more humic and at higher 264 
molecular weight, consistent with previous studies.46,72 The third group only included the DC, 265 
which was remarkably different from any other DOM sample (i.e. inconsistency coefficient = 1.78), 266 
possibly because the DC is influenced by wastewater effluent.  267 
It is noteworthy that the classification of DOM samples in this study is operational in a relative 268 
sense (i.e. autochthonous- vs.  allochthonous-dominant) and mainly based on optical spectroscopic 269 
properties. The classification only served to better interpret the DOM variations. Nonetheless, the 270 
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optical spectroscopic properties between these three operationally-classified groups are distinct to 271 
express potential effects on metal binding.  272 
 273 
Figure 1 Dendrogram generated by hierarchical clustering analysis based on DOM properties in 274 
Table S1; Note: the PBI values were not included for making the dendrogram because of the 275 
missing data for BBL and DC 276 
Dependence of metal binding on DOM sources 277 
The metal binding curves (i.e. CM,T vs. CM2+) were compared between DOM samples (Figure 2). 278 
The Pb and Zn binding curves visually varied between DOM samples, but the variation was more 279 
substantial for Pb (Figure 2; left plot) than for Zn (Figure 2; middle plot). On the contrary, the Cd 280 
binding curves were relatively comparable across all DOM samples (Figure 2; right plot). 281 
Depending on the specific CM,T, the variability in CPb2+, CZn2+, and CCd2+ ranged from 84- to 504-282 
fold, 12- to 74-fold, and 2- to 14-fold, respectively between DOM samples (i.e. at similar CM,T the 283 
variability in CM2+ = the highest CM2+/ the lowest CM2+; Table S2-S4). Triplicate binding 284 
experiments were only performed for Pb binding to SRHA, and the experimental uncertainty of 285 
CPb2+ was 1- to 3-time (i.e. at specific CM,T between triplicate experiments, the uncertainty of CPb2+ 286 
= the highest CPb2+ / the lowest CPb2+). Assuming similar uncertainty level for Zn and Cd, the 287 
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variability in CM2+was generally larger than the experimental uncertainty, confirming that the 288 
observed difference in CM2+ is attributed to variation of DOM sources (i.e. at fixed CDOC, pH and 289 
ionic strength).  290 
The dependency of metal binding on DOM source is metal-specific. The dependency is most 291 
substantial for Pb, relatively lower for Zn, and the smallest for Cd, indicating these three metals 292 
behave differently in response to DOM source variation, possibly due to different nature of metals 293 
for complexation. It is known that Pb principally chelates with organic ligands with salicylic- 294 
and/or catechol-type structures.73,74 Therefore, the contrast of aromaticity, indicated by the 295 
SUVA254 and SAC340 value, between our DOM samples results in distinct discrimination of Pb-296 
binding. Zn and Cd show different preferences of functional groups from Pb for complexation. Zn 297 
mainly coordinates to a mixture of sulfur-, oxygen-/nitrogen- and oxygen-containing ligands in 298 
soil organic matter,75,76 and Cd selectively coordinates to reduced sulfur group. These metal-299 
specific preferences of organic ligands may explain the different levels of DOM effects between 300 
Pb, Zn, and Cd.    301 
 302 
Figure 2 Influence of DOM on Pb, Zn and Cd binding at CDOC = 10 mg L-1, pH = 8.0 ± 0.1, and 303 
0.1 mol L-1 KNO3 electrolyte. The solid line corresponds to the blank in the absence of DOM. 304 
Circles in different colors indicates experimental data points. Triplicate experiments were only 305 
performed for SRHA.  306 
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The effects of DOM properties on F and WHAM performance 307 
The effects of the F value on predicting CPb2+ by WHAM were evaluated. At Fdef = 1.3, the 308 
agreements between the predicted and measured CPb2+ were generally better for SRHA, LM, and 309 
AMR (RMSEdef = 0.79−0.97) than for other samples (Figure 3 and Table S5). The results indicated 310 
that Fdef = 1.3 was more suitable to represent the active Pb-binding fraction in allochthonous DOM 311 
with high aromaticity (SUVA254 ≥ 14, SAC340 ≥ 2.8 and SCOA436 ≥ 1.45 m-1 mg-C-1). The Fdef = 312 
1.3, however, substantially overestimated the Pb binding to BBL and DC (RMSEdef = 1.11−2.52) 313 
(Figure 3), which were relatively more autochthonous and less aromatic (SUVA254 ≤ 4.04, SAC340 314 
≤ 0.86, and SCOA436 ≤ 0.17 L m-1 mg-C-1). This contrast is reasonable given that much of the 315 
WHAM calibration data is based on isolated humic and fulvic acid.16 The isolated compounds, 316 
however, only represent DOM with high allochthonous features, such as SRHA and LM. 317 
Optimizing F greatly improved in the case of autochthonous-dominant DOM (BL and BBL) and 318 
DC (RMSEopt ≤ 0.58), but only slightly improved for the allochthonous-dominant DOM (SRHA 319 
and LM) and AMR (RMSEopt = 0.57−0.82) (Table S5). The major source of RMSEopt was at CPb2+< 320 
10-7 mol L-1, where the measured CPb2+ was consistently higher than predicted CPb2+, possibly 321 
because the measured CPb2+ was very close to the analytical detection limit (10-11.6 mol L-1) at low 322 
Pb:DOM ratio. The Fopt value increased from 0.03 to 1.9 in the following order: DC < BBL < BL 323 
< AMR < LM < SRHA (Table S5), indicating the active Pb-binding fraction in DOM increased as 324 
the DOM became increasingly allochthonous. Except the highest Fopt = 1.9 for SRHA, other Fopt 325 
values were smaller than Fdef by 1.6−43 times (Table S5). Therefore, to achieve a reliable 326 
prediction of CPb2+ it was necessary to adjust the F value for site-specific DOM, particularly for 327 
the autochthonous DOMs with low aromaticity.  328 
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 329 
Figure 3 The influence of Fopt and Fdef on predicting CPb2+; Circles in different colors represent 330 
measured CPb2+  by AGNES for different samples.  331 
The WHAM performance on predicting CZn2+ depended on the F value and DOM properties 332 
(Figure S7), but at a lesser extent compared to Pb. In most cases, better agreements were found 333 
between predicted and measured CZn2+ for the relatively more allochthonous DOM (i.e. LM and 334 
AMR; RMSEdef ≤ 0.80) than for the autochthonous DOM (BBL and BL) and DC (i.e. RMSEdef ≥ 335 
1.21). The Fopt values substantially improved the prediction of CZn2+ for the autochthonous DOM 336 
(BL and BBL)  and DC (i.e.,RMSEopt ≤ 0.57), but slightly improved for the allochthonous DOM 337 
(i.e. LM and AMR; RMSEopt ≤ 0.78). At CZn,T ≤ 10-8 mol L-1, the measured CZn2+ was consistently 338 
higher than the predicted CZn2+ for all samples, likely due the measured CZn2+ approaching to the 339 
detection limit. The Fopt values ranged from 0.10 to 1.00 (Table S5), congruent with previous 340 
studies (0.13−1.02).26,36 The Fopt values were significantly smaller than Fdef by a factor of 341 
1.2−10.8, suggesting the adjustment of F for a better CZn2+ estimation.  342 
The WHAM performance on predicting CCd2+ data were less sensitive to the F value and DOM 343 
variations than for Pb and Zn (Figure S8).  The agreements between predicted and measured CCd2+ 344 
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were better at Fdef = 1.3 than for Pb (Table S5; RMSEdef ≤ 0.83). The prediction of CCd2+ at Fdef 345 
was already acceptable for LM and DC (RMSEdef = 0.23 and 0.38, respectively), and barely 346 
improved at Fopt (RMSEopt = 0.22 and 0.35, respectively). However, the improvements were more 347 
remarkable for SRHA, AMR, BL, and BBL (RMSEopt ≤ 0.4). The major source of RMSE mainly 348 
derived from the disagreements at CCd,T ≤ 10-8 mol L-1, possibly due to CCd2+ measurements closed 349 
to detection limit. The Fopt values ranged from 0.30 to 1.10 (Table S5), wider than the Fopt range 350 
(i.e. 0.12−0.50) reported by Mueller et al.,26 possibly because greater DOM variations in this study. 351 
All the Fopt values for Cd were smaller than the Fdef by a factor of 1.2−4.3. This deviation from Fdef 352 
was smaller than that for Pb (i.e. a factor of 1.6−43), indicating the Fopt for Cd was less dependent 353 
on DOM sources. Using the Fdef = 1.3 for predicting CCd2+was found to be acceptable.  354 
 Our results showed the Fopt value is DOM site-specific, as well as metal-specific. The Fdef = 1.3 355 
overpredicted the Pb and Zn binding to autochthonous DOM, which potentially caused the BLM 356 
to underestimate the Pb and Zn toxicity in the autochthonous waters. Therefore, adjusting F for 357 
the consideration of DOM variation is necessary.  358 
Relate DOM properties to Fopt  359 
Only a few  studies12,14,25,26 have explored the correlations between the Fopt values and the DOM 360 
optical properties (i.e. fluorescent components14,2614,26 or SUVA254 and SAC34012,25). Most of these 361 
studies were limited to Cu,12,14,25,26 and only one study was available for Zn and Cd26 and none 362 
were found for Pb. More importantly, the derivation of Fopt values required the determination of 363 
CM2+. Because AGNES exclusively determines CPb2+,33,35 CZn2+,52 and CCd2+,52 the determination 364 
of reliable Fopt  can be achieved. Significant linear correlations were found between DOM 365 
properties (except PBI) and Fopt (Table S6).  366 
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For Pb, except Abs254/Abs365, SR, C2, C3, and CRS (p > 0.05), the optical proxies showed 367 
significant linear correlations with Fopt (p = 0.003−0.042). The Hum/Pro and SCOA436 showed 368 
relatively stronger linear correlations with Fopt (R2 = 0.92 and 0.82) (Figure 4) than did other optical 369 
measures (SUVA254, SUVA340, FI, BIX and C1) (R2 = 0.69−0.82). These combined results indicate 370 
that as the DOMs become more allochthonous, more humic-like, more aromatic, and optically 371 
darker, the active Pb-binding fraction increases. A similar trend has been observed for Cu in 372 
previous studies,12,14,25,26 indicating Pb may compete with Cu for similar functional groups on 373 
aromatic structures. Coordination chemistry has shown Pb predominantly binds to the phenolic 374 
and carboxylic group on a salicylic-type structure or two adjacent carboxylic groups on catechol-375 
type structure,73,74 which explains the increasing Fopt with increasing aromaticity. The high PBI 376 
values in allochthonous DOM samples (PBI ≥ 0.72 for SRHA and LM; Table S1) also support this 377 
conclusion (i.e. the higher PBI, the stronger the expected metal binding). The insignificant 378 
correlations with Abs254/Abs365 and SR demonstrated that Pb binding was not affected by DOM 379 
molecular weight, contradictory to the marine DOM study77 that observed different size-380 
distributions of different Pb binding sites. Town et al.16 also suggested the dependency of Pb 381 
concentration on freshwater size-fractionated DOM. These disagreements may be attributed to the 382 
sensitivity of Abs254/Abs365 and SR in response to molecular weight.  383 
For Zn, no significant correlation between Fopt and DOM properties was found. When SRHA 384 
was not considered, the Fopt showed significant correlation with Abs254/Abs365 and FI (R2 ≥ 0.81; 385 
p ≤ 0.03) (Figure 4). The Fopt decreased with increasing Abs254/Abs365 and FI, indicating the active 386 
Zn-binding fraction decreased as the DOM molecular weight decreased, and as the DOM source 387 
became less allochthonous. Contrarily, Muller et al.26 reported the Fopt for Zn binding decreases 388 
with increasing allochthonous DOM feature (i.e. the humic-like component). Without explicit 389 
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knowledge of Zn binding sites (e.g. structures and compositions), it is impossible to assign Fopt to 390 
specific DOM properties. Coordination chemistry has shown that Zn binding to soil organic matter 391 
was through coordination with mixtures of sulfur (4−fold) and oxygen/nitrogen (6−fold) ligands 392 
in the first coordination shell.75 The molecular structures of these ligands are possibly not aromatic, 393 
which explains the absence of correlations between Fopt and aromaticity (e.g. SUVA254 and 394 
SUVA340).  395 
For Cd, when the full data set is considered, no significant linear correlation was found between 396 
DOM properties and Fopt (p > 0.5). When SRHA and DC are excluded as outliers, the Fopt  value 397 
linearly increased with increasing SUVA340 and SCOA436 (R2 ≥ 0.93; p ≤ 0.04) (Figure 4), 398 
indicating the active Cd-binding sites in these samples may reside on aromatic structures. The 399 
structures of Cd-binding sites in SRHA and DC, however, may be essentially different from 400 
aromatic features. The SRHA did not have the highest Fopt, although showing the highest SUVA340 401 
and SCOA436. Contrarily, DC had the lowest SUVA340 and SCOA436, but having the second highest 402 
Fopt. Karlsson et al.78 have found the Cd-binding sites in Suwannee River organic matter were 403 
mainly mixtures of oxygen/nitrogen and reduced sulfur ligands, and concluded the importance of 404 
reduced sulfur for coordination with Cd. The ligands in SRHA and DC, therefore, are possibly 405 
related to reduced sulfur with non-aromatic structures, which may explain why the highest 406 
aromaticity in SHRA did not correspond to the highest Fopt, and low aromaticity in DC 407 
corresponded to high Fopt.  An alternative explanation of high Fopt in DC is the strong Cd binding 408 
to inorganic sulfide (i.e. CRS). Although WHAM did not include the thermodynamic stability 409 
constant for Cd binding to CRS, the amount of Cd-CRS can be still equivalently modeled by 410 
increasing the amount of bidentate and tridentate binding sites through the increase of F. Therefore, 411 
to account for the high CRS in DC (84.25 nmol mg-DOC-1), high Fopt is required.  412 
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 413 
Figure 4 Linear correlations between different optical properties and Fopt for Pb, Cd, and Zn; Note: 414 
SRHA for Zn, and SRHA and DC for Cd, were not included in the linear regression analysis. 415 
Potential to estimate Fopt for site-specific DOM using optical properties 416 
Although the compositional and structural knowledge of organic ligands involved in metal 417 
binding is unknown, Fopt correlated with different property-indicators and the correlations were 418 
metal-specific. The correlations provide a potential to estimate Fopt for site-specific DOM based 419 
on simple measurement of optical properties.  420 
For Pb, the aromaticity (Hum/Pro and SCOA436) explained the variability of Pb-binding between 421 
different DOM samples.  422 
For Zn, the Fopt values were influenced by the molecular weight, although the optical 423 
measurement may be not sensitive enough to differentiate molecular weights.  424 
For Cd, the aromaticity may only partially account for Cd-binding variability. Reduced sulfur, 425 
including CRS and thiol, needs be considered because of their strong affinity to Cd. If the reduced 426 
sulfur groups are not associated with aromatic structure, it is not appropriate to use optical 427 
properties to estimate Fopt. The primary production by phytoplankton and macrophyte is the major 428 
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contributor of thiol in the autochthonous DOM pool.72 Measuring the CRS and/thiol concentration 429 
in the autochthonous DOM, therefore, is important for predicting Cd speciation. However, for the 430 
highly allochthonous DOM, it is feasible to use optical properties to estimate Fopt. 431 
Overall, Fopt quantitatively controls the metal binding site capacity, while the binding constant 432 
qualitatively regulates binding affinity (logK). The level of metal binding depends on ligand 433 
capacity and affinity. If only adjusting binding site capacity cannot fully explain metal binding 434 
variability induced by DOM source heterogeneity, adjusting the logK may be necessary. Future 435 
studies are required to evaluate how metal binding affinity varies between DOM samples.  436 
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